Ibrutinib has shown to have better efficacy than standard chemoimmunotherapy in del17 positive chronic lymphocytic leukemia (CLL) patients; however its role in del17 negative patients is less clear. We aim to evaluate the efficacy of ibrutinib-based regimens in CLL. Seven databases were searched in accordance with PRISMA statement guidelines using the following keywords: chronic lymphocytic leukemia, CLL, Bruton tyrosine kinase inhibitor, BTK inhibitor, ibrutinib, and PCI-32765. Data from only prospective clinical trials was included. In a phase 3 trial (n = 136), the overall response rate (ORR) with ibrutinib was 92% whereas 18% patients had a complete response (CR). Progression free survival (PFS) and overall survival (OS) at 2 years were 89% and 95% respectively. Phase 3 trial (n = 195) with single agent ibrutinib showed ORR of 63%. PFS at 6 months and OS at 12 months were 88% and 90% respectively. In a phase 2 trial of relapsed and/or refractory (R/R) or high risk treatment naive (TN) patients, combination of ibrutinib and rituximab (n = 104) achieved an ORR of 100% (CR 28%) as compared to ORR 98% (CR 21%) with ibrutinib monotherapy (n = 102) with no significant difference in PFS. Combination of ibrutinib and ublituximab (n = 64) had an ORR of 78% (CR 7%) in a phase 3 study. In del17p negative R/R patients, combination of bendamustine/rituximab (BR) and ibrutinib (n = 289) achieved an ORR of 83% (CR/CRi 10%) and the 18 month PFS was 79%. In a phase 2 trial treated with ibrutinib (n = 145), patients with del17p R/R disease achieved an ORR of 64% and the 24 month PFS and OS was 63% and 75% respectively. In TN del17p patients (n = 35), ORR was 97% (CR-0) and the 24 month PFS and OS were 82% and 84% respectively with single agent ibrutinib. Ibrutinib is the treatment of choice for patients with del17p mutation and has good efficacy in RR/TN patients without del17p mutation. Ibrutinib is being evaluated in combination with rituximab for del17p mutations. Future prospects include combination of ibrutinib with frontline chemotherapy and other novel agents for TN and RR del17p negative patients.
Introduction
Chronic lymphocytic leukemia (CLL) is the most common leukemia in western hemisphere with an age adjusted incidence of 5 per 100,000. Most patients are diagnosed at a median age of 70 years [1, 2] . It has an indolent course and usually presents with signs and symptoms of fatigue, weight loss, low grade fever, night sweats and lymphadenopathy. Its diagnosis requires ≥ 5,000/µL monoclonal B lymphocytes for at least 3 months and confirmation of mono-clonality of B lymphocytes by flow cytometry. Leukemic cells in CLL co-express both, B cell and T cell antigens (CD19, CD20, CD23 and CD5).
According to the updated guidelines (2018) from the International Workshop for Chronic Lymphocytic Leukemia (iwCLL), most patients with early stage asymptomatic disease can be monitored without treatment. Indications to initiate chemotherapy includes anemia, thrombocytopenia, massive (> 6 cm) symptomatic splenomegaly, lymphadenopathy (10 cm in the longest dimension), lymphocyte doubling time of less than 6 months or persistent symptoms associated with CLL (unintentional weight loss, night sweats) [3, 4] . The choice of therapy depends upon age, functional status, creatinine clearance, cytogenetics and associated comorbidities. Current standard of care for patients younger than 65 years of age is a combination of fludarabine, cyclophosphamide and rituximab (FCR); whereas patients having kidney dysfunction or who are older than 65 years of age are best treated with a combination of bendamustine and rituximab [5] . With currently available treatment its prognosis is very promising having a 5-year survival rate of 84% [6] . Patients harboring del17p/TP53 aberrations exhibit poor response and survival with the frontline chemoimmunotherapy [7, 8] .
With advent of novel agents, such as ibrutinib, idelalisib, dasatinib, venetoclax, ofatumumab, obinutuzumab, the landscape of treatment of CLL is changing [9] . Ibrutinib is an orally administered drug that acts on Bruton tyrosine kinase (BTK) pathway which is aberrantly activated in CLL [10, 11] . In a phase 1 study by Advani et al (2013) , ibrutinib was well tolerated and shown to have substantial activity across various B cell malignancies including follicular lymphoma, CLL/SLL (small lymphocytic leukemia), diffuse large B cell lymphoma and mantle cell lymphoma. Out of 16 patients with relapsed and/ or refractory (R/R) CLL, 11 patients had an overall response (OR) i.e. complete response (CR) in two patients whereas partial response (PR) in nine patients [12] . Subsequently, on the basis of improvement in the overall response rate (ORR) in the RESONATE trial and phase 1/2b trial of ibrutinib in relapsed/ refractory patients (Byrd JC et al), ibrutinib was given an expedited approval by Food and Drug Administration (FDA) for treatment of patients with R/R disease and patients with del17p mutation [13, 14] . The standard of care for patients with del17p mutation is ibrutinib, but it is less clear if the combination regimen of anti CD20 monoclonal antibodies like rituximab, or ublituximab and ibrutinib would improve survival with an acceptable side effect profile. Ibrutinib was initially approved for only del17p mutation and patients with R/R disease. More recently in addition to other novel agents its use has been evaluated in many ongoing phase clinical trials of treatment naive (TN) CLL patients. Unlike del17p mutation, treatment implications for other prognostic factors such as del11q mutation, immunoglobulin heavy chain variable (IGHV) mutation, RAI stage etc. are less clear.
Literature Search
A literature review was performed using methods specified in the PRISMA statement for reporting systematic reviews. Controlled vocabulary search terms (MeSH and Emtree), as well as keywords, were used to search the following seven databases for clinical trials that examined the efficacy of ibrutinib-based regimen in CLL: Pub Med/Medline, Elsevier/Embase, Elsevier/Scopus, Wiley/Cochrane Library, Thomas Reuters/Web of Science, EBSCO/CINAHL, and ClinicalTrials.gov. All databases were searched from the date of their inception to the date literature searches were completed on May 5, 2018. Reference lists of, and citations to the articles eventually selected from the database searches, were also screened. Two independent reviewers (SM, MS) initially screened all retrieved titles and abstracts for relevance. The same protocol was used to screen the full text of articles initially selected. Disagreements were resolved by consensus. Inclusion criteria for our review were prospective clinical trials including CLL/SLL patients who received ibrutinib either as monotherapy or as combination therapy. Single arm clinical trials containing ibrutinib either as monotherapy or part of combination therapy were also included in addition to the randomized controlled trials. Ongoing trials with preliminary data available as well as unpublished trials presented at the national oncology and hematology conferences like American Society of Hematology (ASH) and American Society of Clinical Oncology (ASCO) were also included. We included phase 1 studies with data available for efficacy for at least 10 patients in addition to the phase 2 and 3 studies. Case studies, letters, opinions, reviews, including systematic reviews and meta-analyses were excluded as were articles not in English. To assess for risk of bias and quality, we used Newcastle-Ottawa scale for non-randomized studies. One author (MS) independently extracted the data, which was subsequently examined by a second author (SM).
The following variables were analyzed: author, year, study design, number of subjects, regimen used (ibrutinib and comparing regimen), dosage, age and patient characteristics, high risk cytogenetic features, median follow-up response rate, progression free survival and overall survival. The primary outcome for our review was quantitative assessment of response measurement in ORR, progression free survival (PFS) and overall survival (OS). Adverse events and side effects were not the focus of our analysis.
Literature Review
We identified 3,809 medical records after initial database search, and 2,365 medical records were further screened after removing duplicates. We assessed 38 full length articles for eligibility, and 16 prospective clinical trials were included in the final analysis (Fig. 1 ). An aggregate of 1,528 CLL patients was part of our analysis including 308 patients who were TN and 1,014 patients who were R/R. 
Role of ibrutinib in TN patients

Ibrutinib in patients over 65
The extended 5-year follow-up of the phase 1/2b study by O'Brien et al (2018) was recently published. The study included 31 TN patients over the age of 65 who were treated at a dose of 420 mg daily. The frequency of high risk cytogenetic abnormalities was as follows: del17p (6%), 11q (3%), unmutated IGHV (48%). Over one-half (55%) patients belonged to either RAI stage 3 or 4 and whereas 19% had bulky disease i.e. > 5 cm lymph nodes. The ORR at the end of 5-year follow-up was 87% with a CR of 29%. Patients had been followed for a median of 61.5 months (0.7 -72.5). The median PFS was not reached whereas the 5-year PFS was 92%. Three percent of the patients had progressive disease. Median OS was not reached however the 5-year OS was reported to be 92%. When compared to the 3-year follow-up reported for the same study, the CR rate had improved (29% vs. 26%) [15] .
Ibrutinib in patients with del17p/TP53 aberrations
In a phase 2 study by Farooqui et al (2014) , ibrutinib was eval-Sardar et al J Hematol. 2019;8(1):1-10 uated in a trial of 51 patients with del17p and/or TP 53 aberrations (35 TN; 16 R/R). Among the patients who were previously untreated, 97% achieved an OR at a median follow-up time of 26 weeks. Twenty-four-month OS and PFS were 84% and 82% respectively [16] .
Ibrutinib vs. chlorambucil in del17p negative patients over the age of 65 (RESONATE 2)
In a phase 3 trial by Burger et al (2015) , ibrutinib at 420 mg daily was found superior to chlorambucil (0.5 -0.8 mg/kg on days 1 and 15 of each cycle, maximum cycles: 12) as a first line regimen. The median age of the 136 patients in the ibrutinib arm was 73 years (65 -89). Patients with del17p mutation were excluded; however 21% patients had 11q23 mutations and 43% of the patients had unmutated IGHV. Updated results after a prolonged follow-up were reported at the American Society of Hematology (ASH) 2016 annual meeting. Investigator assessed ORR at 28.6 months was 92% (CR 18%). The median PFS/OS were not reached, however the 24-month PFS and OS were 89% and 95% respectively. In comparison, patients treated with chlorambucil achieved an ORR of 34%. Twenty-fourmonth PFS and OS were 34% and 84% respectively. Of note, 41% of the patients crossed over to ibrutinib arm from chlorambucil but the results were calculated on intention to treat analysis. The hazard ratio for PFS in patients with del11q mutation (n = 54) was 0.03 as compared to 0.23 in patients with negative del11q mutation (n = 197) showing a better response of ibrutinib which was more pronounced in del11q positive patients (lower hazard ratio) [10, 26] .
Ibrutinib, fludarabine, cyclophosphamide, obinutuzumab (iFCG) in mutated IGHV
Preliminary results from phase 2 single arm trial by Jain N et al [17] were presented at ASH 2017. Thirty-two TN IGHV patients were treated with ibrutinib, fludarabine, cyclophosphamide, obinutuzumab (IFCG) from cycle 1 to cycle 3. Primary endpoint was considered achieving CR or CR with incomplete blood count recovery (CRi) but minimal residual disease (MRD) negative status. For patients who had achieved primary end point by the end of cycle 3, only ibrutinib and obinutuzumab were continued from cycle 4 to cycle 6. In the absence of any disease after the cycle 6, only ibrutinib was continued until the cycle 12.
If there was evidence of disease at the end of cycle 3 or 6, both ibrutinib and obinutumab were continued until cycle 12. After cycle 3, the response rate was 100% whereas 87% had achieved bone marrow (MRD) negative remission and 44% patients had achieved CR/CRi with undetectable MRD. At the end of cycle 12, out of 19 patients with MRD negative disease, 84% had CR/CRi. All patients remain MRD negative after a median follow-up of 5.5 months after stopping ibrutinib [17] . phamide and rituximab (iFCR). The median follow-up was 12.1 months. Ibrutinib at 420 mg daily was given for 7 days followed by iFCR which was continued for up to six cycles. Patients were continued on ibrutinib for 2 years unless limited by disease progression or toxicity. High risk features included del17p (9%), del11q (26%), unmutated IGHV (57%), ZAP 70 positivity (59%), and TP53 without del17p (6%). Among the 28 patients that underwent re-staging after completing iFCR, the ORR was 100% (CR/CRi 39%, PR 61%). Similarly, among the patients evaluated for bone marrow minimal residual disease, 39% were negative [18] .
Ibrutinib, fludarabine, cyclophosphamide, rituximab (iFCR) in patients less than 65 years of age
Obinutuzumab, ibrutinib, venetoclax regimen
In a phase 1b/2 study by Rogers KA et al 2017, 25 patients were treated with a regimen consisting of obinutuzumab, ibrutinib (added during the second cycle) and venetoclax (added during the third cycle) up to 14 cycles. Preliminary results were presented at ASH 2017. Baseline characteristics of these patients included unmutated IGHV (71%), del17p (12%), del11q (20%), del13q (20%). Patients were evaluated after cycle 8 for response which showed an ORR was 96% (CR/CRi 52%, PR 46%). More than half of the patients (58%) had MRD negative disease in both blood and bone marrow [19] .
Role of ibrutinib in relapsed/refractory CLL (n = 1,014)
Ibrutinib as a single agent
The phase 1b/2 study by O'Brien et al included 67 R/R CLL patients. The median age was 64 years (37 -82) and the median prior number of therapies was 4 (1 -12). Del17p and del11q were present in over one-third of the patients i.e. 34% and 35% respectively. Bulky disease (> 5 cm lymph nodes) and RAI stage 3 or 4 stage was present in 54% and 57% of the patients respectively. Single agent ibrutinib at 420 mg daily achieved an ORR of 89% in patients with R/R disease. The median PFS was 51 months and the estimated 5-year PFS was 44%. Median OS was not reached whereas the 5-year OS was reported to be 60%. In the subgroup analysis, patients with del17p mutation achieved an ORR of 79% whereas the median PFS and OS were 26 months and 57 months respectively. Patients with unmutated IGHV had a higher ORR (90% vs. 81%) but a shorter median PFS (42 months vs. 63 months) and 5-year PFS (39% vs. 53%) [15] .
Ibrutinib vs. ofatumumab (RESONATE trial)
In the phase 3 randomized trial by Byrd et al (2014) [13] , ibrutinib (420 mg daily) was compared with ofatumumab (300 mg intravenous (IV) on the first week, then 2,000 mg IV every week for 7 weeks, then every fourth week for 16 weeks). The prior median number of treatments in the ibrutinib arm (n = 195) was 3 (range 1 -12) and in the ofatumumab arm (n = 196) it was 2 (range 1 -13). Patients were followed for a median of 9.4 months. Median age was 67 years in both treatment arms. High risk features were comparable between ibrutinib arm vs. ofatumumab (del17p 32% vs. 33%; del11q 32% vs. 30%; B2 macroglobulin > 3.5 mg/L 78% vs. 74%; baseline cytopenia 64% vs. 63%, bulky disease i.e. > 5cm lymph nodes 64% vs. 52% respectively) respectively.
ORR in patients treated with ibrutinib (independent assessment) was 63% (PR 43%, partial response with lymphocytosis 20%). Progressive disease (PD) was present in 3% whereas 32% of the patients had stable disease (SD). The investigator assessed that ORR in the ibrutinib arm was 85% (CR 2%; PR 83%), SD in 11% and PD in 1%. The investigator assessed that ORR in the ofatumumab arm was 24% (CR 1%, PR 23%), SD was 54%, and PD was 14%. At the median follow-up of 9.4 months, median PFS for ibrutinib had not reached, whereas it was 8.1 for ofatumumab. PFS at 6 months was 88% as compared to 65% with ofatumumab. OS at 12 months was 90% in ibrutinib arm, ofatumumab 81%. In patients with del17p, ibrutinib had a higher PFS than ofatumumab at 6 months (83% vs. 49%).
In a subgroup analysis comparing PFS in del11q positive patients (n = 122) vs. del11q negative patients (n = 259), the hazard ratio was 0.14 in del11q patients and 0.26 in del11q negative patients. The hazard ratio favored ibrutinib in both groups but showed a better efficacy in del11q positive patients given lower hazard ratio [13] .
Ibrutinib vs. ibrutinib + rituximab (I + R) in R/R and high risk TN patients
Randomized single center study by Burger et al (2017) included 206 patients who either had R/R disease or high-risk TN patients. Median age was 65. Del17p, unmutated IGHV and RAI stage 3-4 disease were present in 37%, 72% and 38% respectively. Patients received ibrutinib 420 mg daily either alone (n = 102) or in combination with rituximab (n = 104) for six cycles (375 mg/m 2 weekly during cycle 1 and then every fourth week from cycle 2 through 6). At a median follow-up time of 25.2 months, ORR was 98% (CR 21%, PR 77%) in the arm with ibrutinib monotherapy whereas in the combination regimen at a median follow-up of 22.7 months the ORR was 100% (CR 28%, PR 72%). Although there was no significant difference in PFS between the two groups in the 2 years of follow-up, patients in the (I + R) combination group had significantly shorter median time to normalization of absolute lymphocyte count (3 vs. 8.9 months) and median time to achieve CR (11.5 vs. 21 months). Moreover, the number of patients who achieved MRD negative status was higher in the combination group (5 vs. 1) [20] .
Ibrutinib + rituximab in R/R and TN patients
A single arm study by Burger et al (2014) evaluating ibrutinib at dose of 420 mg daily in addition to weekly rituximab injection (375 mg/m 2 ) for cycle 1 and then one dose every 4 weeks for cycle 2 -6 was evaluated in 40 patients with a median age Efficacy of Ibrutinib-Based Regimen in CLL J Hematol. 2019;8(1):1-10 of 63.2 (range 35 -82). One-half of the patients had del17p mutation/TP53 (40% R/R and 10% TN), del11q mutation was present in 32.5%, del13q mutation in 12.5% and IGHV was unmutated in 80% of the patients. At a median follow-up of 16.8 months, ORR was 95% (PR 87% CR 8%). PFS and OS at 18 months were 78% and 84% respectively. In patients with del17P /TP53 mutation, the ORR was 90% (CR 10%, PR 80%), PFS and OS at 18 months were 72% and 78% respectively [21] .
Ibrutinib vs. rituximab
In the recently published randomized trial in patients from Asia Pacific region, patients were randomly assigned in a 2:1 ratio to either receive ibrutinib 420 mg (n = 106) daily or rituximab (n = 54) for 3 -6 cycles (cycle 1: 375 mg/m 2 on day 1, 500 mg/ m 2 on day 15; cycle 2: 500 mg/m 2 on day 1 and day 15; cycle 3 -6: 500 mg/m 2 on day 1 The percentage of patients with MRD negative status was higher in the ibrutinib group (13% vs. 5%, P = 0.0011). Overall hazard ratio for PFS was 0.203 (95% CI: 0.150 -0.276). In a subgroup analysis of PFS in terms of del11q status, the hazard ratio was 0.083 in del11q patients and 0.274 in del11q negative patients. The efficacy of ibrutinib was more pronounced in patients with positive del11q mutation [22] .
Bendamustine/rituximab + ibrutinib (BRi) vs. fludarabine/cyclophosphamide/rituximab + ibrutinib (FCRi)
A phase 1b clinical trial by Brown et al (2015) compared the addition of ibrutinib to either FCR (n = 3) or BR (n = 30) in R/R patients. The number of patients who received FCR + ibrutinib was only 3 because of limited number of R/R patients who were purine analog naive and eligible for FCR regimen.
Patients who got ibrutinib with BR had a median age of 62 and achieved an ORR of 96.6% (CR 40%, CRi 0, nodular PR 6.7%, PR 46.7%, PR-L 3.3%) and progression of disease in 3.3% patients. PFS at 6 months was 93.1% and at 12 months was 85.9%. The frequency of del17p13 and del11q were 23.3% and 33.3% respectively [23] .
Ibrutinib in patients with del17p/TP53 aberrations
The phase 2 trial by Farooqui et al (2014) included 16 R/R with TP53 aberrations. The ORR was 80%. Median followup period was 15 weeks. Two-year OS was 74%. Two-year PFS in IGHV mutated patients was 94% compared to 71% in IGHV unmutated patients. To determine if del17p confers resistance to ibrutinib treatment, proportion of del17p mutations was measured before and 24 weeks post treatment initiation. Among 47 patients evaluated, 47% had a decrease in the proportion of del17p cells, 47% had an increase whereas for 6% of the patient it was unchanged. Among the four patients who had progressive disease on ibrutinib, two had decrease in the proportion of del17p cells whereas the other two were not a part of the analysis [16] .
Ibrutinib in patients with del17p: RESONATE 17 trial
RESONATE 17 is a phase 2 clinical trial by O'Brien et al which included 145 patients with del17p mutation and relapsed/refractory disease. The median number of prior therapies was 2 (range 1 -3). The median age of the patients was 64 (range 57 -72). The median proportion of cells with del17p was 66%. Besides del17p, other high-risk features included 13q deletion J Hematol. 2019;8(1):1-10 (74%), 11q deletion (16%) and unmutated IGHV (67%). Sixtythree percent of the patients belonged to either RAI stage 3 or 4 whereas bulky disease i.e. > 5cm lymph nodes was present in 49%. ORR at a median follow-up of 11.5 months was 64% (CR-O, PR 64%) as per independent assessment. The extended investigator analysis at 27.6 months showed an ORR of 83% (PR 64%, PR-L 7% nodular PR 2%, CR 8%, and CR with incomplete bone marrow recovery 2%). PFS at 24 months was 63 % whereas median PFS at 27.6 months was not reached. Twenty-seven percent of the patients developed (PD) and 11.7% had progressed to Ritchers' transformation (RT). OS at 24 months was 75% whereas median OS at 27.6 months was not reached. Subgroup analysis showed that proportion of cells with del17p did not predict overall response (83.1 (73.3 -90.5) in patients with del17p greater than median vs. 83.6 (71.9 -91.8) in patients with percentage of cells having the mutation less than the median) [24] .
Ibrutinib + ublituximab vs. ibrutinib in high risk R/R patients: GENUINE trial
In an ongoing phase 3 trial by Sharman et al , a combination of ibrutinib with ublituximab (900 mg dosed on days 1, 8, and 15 of cycle 1 and day 1 of cycles 2 to 6) was compared with ibrutinib alone in relapsed patients with at least one high risk cytogenetic abnormality( del17p 66%, del11q 34%). Median age was 67 and median number of prior therapies was 3 (range1 -8). At a median follow-up of 12 months, patients who received the combination of ibrutinib and ublituximab had an ORR of 78% (CR: 7% and MRD negative disease 19%). Patients in the ibrutinib arm had an ORR of 45% (CR: 0%, MRD negative disease 12%), P value < 0.001 [25] .
Discussion
Patients with del17p mutation have poor outcomes with chemoimmunotherapy (FCR, BR) which was the standard of care in such patients in the pre-ibrutinib era [28, 29] . In a study by Fischer et al (2015) , of the 22 patients with del17p mutation in (FCR) arm, only 5% CR (ORR 68%) was seen in TN patients with CLL. The median PFS was 11.3 months [7] . In the trial evaluating BR for CLL in the first line setting, eight patients had del17p mutation but none of them achieved CR while three patients (37.5%) were able to achieve partial response [8] . In comparison, ibrutinib in patients with del17p mutation had superior efficacy resulting in an expedited approval by FDA in February 2014. In the phase 2 trial by Farooqui et al [16] , the ORR in TN and R/R del17p13 positive patients treated with ibrutinib was 97% and 80% respectively.
In the last two decades, the addition of rituximab to standard chemotherapy (FCR, BR) has revolutionized the treatment of CLL [30] . Similarly, the addition of anti-CD20 monoclonal antibodies to ibrutinib can potentially lead to even better results in patient with del17p mutations. Such agents under evaluation in clinical trials are rituximab, ofatumumab and ublituximab. The combination regimen, ibrutinib plus rituximab, achieved an ORR of 90% in patients with del17p mutation/TP53 aberration which was higher than ORR achieved with ibrutinib seen in the RESONATE 17 trial (83% investigator assessed). The better efficacy with the combination regimen was seen in spite of higher frequency of the poor prognostic features present (RAI stage 3 or 4: 72.5% vs. 63%; del11q 32.5% vs. 16%; unmutated IGHV 80% vs. 67%). Interestingly, ibrutinib associated lymphocytosis, although not proven to be a poor prognostic indicator, was much shorter with ibrutinib plus rituximab regimen as compared to ibrutinib alone in the RESONATE 17 trial (8% after 6 months and absent after 12 months vs. 20% after 12 months respectively). Ibrutinib plus rituximab regimen was well tolerated with reported improvement in the global health status post 6 months initiating the treatment. Compared to single agent ibrutinib in RESONATE 17 trial, patients who received the combination regimen (ibrutinib plus rituximab) had higher incidence of lung infections (grade 1/2: 36%, grade 3/4: 5% vs. grade 1/2: 21%, grade 3/4: 4%), but lower incidence of atrial fibrillation (grade 1/2: 6% vs. grade3/4: 7%) [21, 24] . Head to head randomized control trials are needed to determine if addition of anti-CD20 monoclonal antibodies to ibrutinib improves long-term outcomes in patients with del17p mutation. A randomized clinical trial of ibrutinib plus rituximab vs. ibrutinib is currently underway which contains over one-third (37%) of the patients with del17p mutation. Preliminary results showed slightly better response rate with the combination regimen vs. ibrutinib alone (ORR 100% vs. 98% and CR 28% vs. 21%). GENUINE trial which included 64% of patients with del17p.13 mutation, showed combination of ibrutinib and ublituximab was associated with better ORR(78% vs. 45%) and CR (7% vs. 0), and higher percentage of patients who were able to achieve MRD negative status as compared to ibrutinib alone. Although these results are encouraging, it is still premature to make any conclusions until longterm follow-up data are available
In the pre-ibrutinib era, various other regimens have been evaluated in patients with del17p/TP53 aberrations. In a trial by Pileckyte et al, 13 patients with del17p mutations were treated with a combination regimen of high dose methylprednisone and rituximab achieving an ORR of 69%. Patients were followed for a median period of 22 months with a median PFS and OS of 12 months and 31 months respectively [31] . Combination of high dose methyl prednisone and alemtuzumab achieved decent response rate (ORR 85%, CR 36%), but the adverse effect profile was concerning having grade 3 and/or 4 hepatotoxicity and infections in more than 50% of the patients [32] . Direct comparison cannot be drawn but the results from these trials show an inferior response rate compared to ibrutinib.
In addition to ibrutinib, the two other promising novel agents are venetoclax and idelalisib. Venetoclax, a selective BCL-2 inhibitor, was evaluated in a phase 1 study of del17p positive R/R CLL patients. In 106 patients with the mutation, ORR was 79.4% (CR/CRi 7.5%) which was higher than the ORR (64%) seen with ibrutinib in a similar patient population in the RESONATE 17 trial [12] . Twelve-month PFS and OS were 72% and 86.7% respectively [33] . In a phase 2 study by O'Brien, combination of idelalisib (P13Kδ inhibitor working on BCR pathway) and rituximab achieved a 100% ORR Efficacy of Ibrutinib-Based Regimen in CLL J Hematol. 2019;8(1):1-10 (CR 33.3%, PR 66.7%) in the nine TN patients with del17p mutations [34] . In comparison, the 20 del17p positive patients (predominantly R/R) treated with ibrutinib and rituximab in the trial by Burger et al, the ORR was 90% (CR 80%, PR 10%) [21] . The data for venetoclax and idelalisib in patients with del17p are still limited, but like ibrutinib has shown promising results thus far. Subgroup analysis of the RESONATE 2, HELIOS and RESONATE trial showed that patients with positive del11q22.3 had lower hazard ratio for PFS as compared to the patients who were negative for this mutation. We propose that the efficacy of ibrutinib may be more pronounced in patients who are positive for del11q mutation. A multivariate analysis of the pooled data from the three trials mentioned above, showed that the presence of del11q22.3 mutation was associated with a longer PFS and OS in patients treated with ibrutinib as compared to patients treated with the comparing regimen ( i.e. chlorambucil; ofatumumab; bendamustine, rituximab and placebo) [35] . As mentioned in the results section, other high risk factors such as unmutated IGHV, presence of bulky disease i.e. > 5 cm lymph node, and elevated ZAP 70 expression had lower hazard ratio for PFS in patients treated with ibrutinib as compared to the non-ibrutinib regimen.
The treatment of del17p negative patients in TN as well as relapsed and refractory cases depends upon patient's age, comorbidities, kidney function (creatinine clearance) and functional status. Chemoimmunotherapy consisting of FCR is still considered first-line treatment in younger, low risk TN patients with low comorbidity load. In the trial by single agent ibrutinib achieved an ORR of 92% (CR 18%) in TN del17p negative patients. Median follow-up was 28.6 whereas median PFS and OS were not reached [10] . In comparison, in a trial by Eichhorst et al (2016) , FCR in TN del17p negative patients achieved an ORR of 95% (CR 40%) and median PFS of 55.2 months at a median follow-up of 37.1 months. Although the complete response rate was higher in the trial treated with FCR as compared to ibrutinib (40% vs. 18%) but the patients in the FCR trial were younger (median age 62 vs. 73) [5] . Based on better PFS and CR rates with FCR, it is the regimen of choice in TN del17p negative patients with good functional status.
Treatment choice in relapsed patient with negative del17p is more complicated [36] . FCR/BR regimen can be repeated in patients who are physically fit with limited prior therapies and longer remissions with prior therapies [37] . Ibrutinib in combination with BR has shown an ORR of 83% and an 18-month PFS of 79% in del17p negative R/R patients [22] . Ibrutinib used as monotherapy in R/R patients had an ORR of 63% having a 6-month PFS of 88% [13] . Among other novel agents, venetoclax and idelalisib have shown similar results in R/R patients in various phase 1 and 2 clinical trials [38, 39] .
Conclusions
Ibrutinib is the treatment of choice for patients with high risk, but prognosis remains poor. Combining ibrutinib with immunotherapy (rituximab, ofatumumab or ublituximab) has shown promising preliminary results in high-risk del17p positive CLL. We await long-term follow-up from these studies to further shed light on the best regimen in high-risk del17p CLL patients. In patients with del17p negative disease, and who are intensive CIT ineligible, ibrutinib is still a very effective chemotherapeutic agent. Future prospects include combination regimen consisting of ibrutinib and chemo immunotherapy (FCR/ BR) as well as combination of ibrutinib with other novel agents (venetoclax, idelalisib) in TN and R/R del17p negative CLL patients. Limitations of our review include the heterogeneity of patient population and incomplete results from ongoing clinical trials. Our subgroup analysis shows that the efficacy in terms of PFS of ibrutinib may be more pronounced in patients with del11q mutation independent of del17p mutation.
